Introduction
============

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiovascular disease, with a prevalence of 1 in 500 in the population ([@b1-mmr-20-06-5229],[@b2-mmr-20-06-5229]). A recent study reported that the prevalence is most likely to be 1 in 200 ([@b3-mmr-20-06-5229]). HCM is a common cause of sudden death in adolescents and the leading cause of sudden death in young athletes ([@b4-mmr-20-06-5229],[@b5-mmr-20-06-5229]). Approximately 50% of HCM cases are inherited, and this variant is referred to as familial HCM (FHCM) ([@b6-mmr-20-06-5229]). The underlying pathogenesis in HCM is primarily attributed to cardiac sarcomere protein mutations, with over 1,400 HCM mutations being reported in at least 20 genes ([@b7-mmr-20-06-5229],[@b8-mmr-20-06-5229]). FHCM is also known as a sarcomere disease. Moreover, FHCM is morphologically diverse, substantially heterogeneous within families and shows considerable genetic variability ([@b9-mmr-20-06-5229]). HCM follows a single-gene dominant inheritance, with approximately 7% of cases having polygenic or compound mutations. Compared with patients with single-gene mutations, those with polygenic or compound mutations have a greater incidence of disease, with more severe clinical manifestations and worse prognosis ([@b10-mmr-20-06-5229]--[@b12-mmr-20-06-5229]). Although polygenic or compound mutations are mainly sarcomere protein mutations, a recent study showed that the occurrence of HCM is closely associated with calcium channel gene mutations ([@b13-mmr-20-06-5229]).

Approximately 20--30% of all HCM cases are FHCM ones with β-myosin heavy chain (MHC) 7 (*MYH7*) as the dominant pathogenic gene ([@b14-mmr-20-06-5229]). Patients carrying compound heterozygous mutations of two alleles in the *MYH7* gene may have a more severe clinical phenotype. However, the clinical phenotypes of monoallelic double mutations in *MYH7* or their severity has not yet been studied. The aim of the present study was to determine the clinical phenotypes caused by compound heterozygous and monoallelic double mutations of *MYH7* using next-generation sequencing.

Materials and methods
=====================

### Subjects

This study conformed to the principles of the Helsinki Declaration and was approved by the Ethics Committee of Xijing Hospital, Fourth Military Medical University, China. The subjects were 387 HCM probands, with clinical data of medical history, 12-lead electrocardiograms and echocardiograms. The probands sought medical care in Xijing Hospital of the Fourth Military Medical University ([Fig. 1](#f1-mmr-20-06-5229){ref-type="fig"}). We recalled the 4 patients with compound heterozygote mutations and all family members carrying monoallelic double mutations after confirming the mutation, and then acquired ultrasound images and electrocardiographic data. Other patients were not called back for data collection.

The diagnostic criteria were based on the 2011 ACCF/AHA Guideline for the Diagnosis and Treatment of Hypertrophic Cardiomyopathy and the 2014 ESC Guidelines on Diagnosis and Management of Hypertrophic cardiomyopathy ([@b8-mmr-20-06-5229],[@b9-mmr-20-06-5229]). In adults, HCM diagnosis requires a wall thickness ≥15 mm in one or more left ventricular (LV) myocardial segments, measured by any imaging technique including echocardiography, cardiac magnetic resonance imaging or computed tomography. In children, HCM diagnosis requires LV wall thickness to be ≥ predicted mean ± standard deviation (z-score \>2). On the other hand, among first-degree relatives of patients with unequivocal disease, HCM is defined as an unexplained increase in LV wall thickness ≥13 mm in one or more LV myocardial segments, measured using any cardiac imaging technique. The exclusion criteria for diagnosis are ventricular wall hypertrophy resulting from hypertension, coronary heart disease, coarctation of the aorta, valvular heart disease, congenital heart disease or metabolic disorders and cardiac hypertrophy in athletes.

### Genomic DNA extraction and high-throughput sequencing

The RelaxGene Blood DNA System (cat. no. DP319; Tiangen Biotech Co., Ltd., Beijing, China) was used to extract the genomes from white blood cells isolated from 10 ml of peripheral vein blood of the proband, family members and healthy controls. Using targeted exome-sequencing technology, the proband underwent exon amplification and high-throughput sequencing for 96 genes ([@b15-mmr-20-06-5229]) ([Table SI](#SD1-mmr-20-06-5229){ref-type="supplementary-material"}) related to FHCM. After synonymous mutations were filtered, mutation loci \>0.1% were excluded through several databases including the 1000 Genomes Project (<http://browser.1000genomes.org>), Exome Variant Server (<http://evs.gs.washington.edu/EVS>) and ExAC browser (<http://exac.broadinstitute.org/terms>). The associated variants were subsequently verified by Sanger sequencing in blood relatives of the proband. Meanwhile, 300 healthy individuals of the same ethnic group as the probands (Han ethnic group) were checked for the presence of the same variants.

### Imaging studies

For echocardiography, the subjects were examined in the left lateral decubitus position and with quiet breathing, with simultaneous electrocardiogram recording. First, an S5-1 probe was used to perform routine echocardiography, with two-dimensional measurements being made for interventricular septal end-diastolic dimension and LV end-diastolic wall thickness in a 16-segment model. Simpson\'s rule was used to measure LV volume, LV end-diastolic volume and LV end-systolic volume. Pulsed wave Doppler (PWD) was used to measure the peak velocity flow in early diastole (E) and late diastole (A) so as to calculate the E/A ratio. Tissue Doppler imaging and PWD were used in combination to measure peak velocity of early and late diastolic mitral annulus (Ea and Aa, respectively), followed by the calculation of Ea/Aa and E/Ea. Further, LV mass, LV mass index, stroke volume, LV volume index and LV ejection fraction were determined.

### Prediction of mutant protein function

Using Swiss-PdbViewer 4.1 ([@b16-mmr-20-06-5229]) (<http://swissmodel.expasy.org/>), three-dimensional (3D) models of *MYH7*-associated proteins were created, and conservation of sequence across species was analyzed.

### Statistical analysis

Continuous variables are expressed as means ± standard errors. Differences were analyzed using Student\'s t-tests. P-values of \<0.05 were considered to indicate statistical significance.

Results
=======

### Gene mutation analyses

Among the 387 HCM probands included in the study, 98 were found to carry *MYH7* mutations. Among 5 probands with double *MYH7* mutations, 4 carried compound heterozygous mutations ([Fig. 2](#f2-mmr-20-06-5229){ref-type="fig"}) and 1 carried monoallelic double mutations. Targeted exon sequencing was performed in 387 HCM probands. These included 98 probands carrying *MYH7* mutations (25.3% of all probands) and 5 probands carrying double *MYH7* mutations (5.1% of all carrying *MYH7* probands) after other sarcomere gene mutations were excluded. Among the 98 probands with *MYH7* mutations, 4 (4.1%) had compound heterozygous double mutations and 1 (1%) had monoallelic double mutations. In the family of the proband with monoallelic double mutations, 3 patients were aged \<30 years at the time of initial diagnosis, 2 patients had LV outflow tract obstruction, 2 had reduced diastolic function and 3 had syncope ([Table I](#tI-mmr-20-06-5229){ref-type="table"}). The variants confirmed in this family were *MYH7*-A934V and *MYH7*-E1387K ([Fig. 3A](#f3-mmr-20-06-5229){ref-type="fig"}). *MYH7*-A934V is a mutant caused by a C\>T substitution in base 2801 of *MYH7* exon 23, which results in a change from alanine (amino acid 934, [Fig. 3B](#f3-mmr-20-06-5229){ref-type="fig"}) to valine. *MYH7*-E1387K is a mutant caused by a G\>A substitution in base 4159 of *MYH7* exon 30, which results in a change from glutamic acid (amino acid 1387) to lysine ([Fig. 3C](#f3-mmr-20-06-5229){ref-type="fig"}).

Polymerase chain reaction primers were designed to perform Sanger sequencing of *MYH7*-A934V and *MYH7*-E1387K for the proband with monoallelic double mutations and her blood relatives. Five family members, including the proband (II9, II1, II7, III16 and III20), were revealed to be carriers of *MYH7*-A934V and *MYH7*-E1387K, which were not detected in other family members.

### Clinical features

[Table II](#tII-mmr-20-06-5229){ref-type="table"} summarizes the clinical features and genotype characteristics. The same 2 mutations were carried by II9, II1, II7, III16 and III20. The proband (II9) was a 46-year-old female who presented with palpitation, breathlessness and chest discomfort. Echocardiography revealed the following: Maximum LV wall thickness, 22 mm ([Fig. 4A](#f4-mmr-20-06-5229){ref-type="fig"}); left atrium (LA) dimension, 44 mm; E/A, 1.29 and Ea/Aa, 0.74. Electrocardiography showed TI and aVL (flattened and inverted) as well as left axis deviation (−48°). II1 was a 59-year-old male without marked symptoms, for whom echocardiography revealed the following: Maximum LV wall thickness, 15 mm, ([Fig. 4B](#f4-mmr-20-06-5229){ref-type="fig"}); E/A, 0.4 and Ea/Aa, 0.5. Electrocardiography indicated clockwise rotation. The elder brother of the proband, II7, a 55-year-old male, presented with clear symptoms and the following echocardiography findings: Maximum LV wall thickness, 28 mm ([Fig. 4C](#f4-mmr-20-06-5229){ref-type="fig"}) and LA dimension, 59 mm. Electrocardiography showed atrial tachycardia, left axis deviation, LV fascicular block, inverted T-waves and ST-segment depression ([Fig. 4E](#f4-mmr-20-06-5229){ref-type="fig"}). The proband\'s asymptomatic niece (III16), a 26-year-old female, had borderline LV wall thickening ([Fig. 4D](#f4-mmr-20-06-5229){ref-type="fig"}). Another carrier was the proband\'s 14-year-old daughter (III20), who was asymptomatic and had unremarkable physical examination findings. Among the family members without the 2 mutations, none showed abnormal findings.

### Comparisons of compound heterozygous and monoallelic double mutations

Statistical analysis of clinical ultrasound data showed that the compound heterozygous mutation carriers had higher LV mass (LVM) than those with monoallelic double mutations (P=0.03). The compound heterozygous mutation carriers also showed higher amplitudes in QRS, SV1 and RV5+SV1. On the other hand, there were no significant differences in LV wall thickness, LA dimension or other parameters ([Table III](#tIII-mmr-20-06-5229){ref-type="table"}).

Prediction analysis of mutant protein function
----------------------------------------------

### Prediction for sequence conservation

In the blocks shown ([Fig. 3D and E](#f3-mmr-20-06-5229){ref-type="fig"}), the sequences marked in light grey, where sequence conservation is usually observed, were identical. In addition, the mutation sites, i.e., *MYH7*-A934 ([Fig. 3D](#f3-mmr-20-06-5229){ref-type="fig"}) and *MYH7*-E1387 ([Fig. 3E](#f3-mmr-20-06-5229){ref-type="fig"}), which are highly conserved among species, were located in the block, whereas sequences indicated in light grey were exactly the same. Genetic backgrounds of both novel *MYH7* mutations identified in the cohort are described in [Table IV](#tIV-mmr-20-06-5229){ref-type="table"}.

### Protein structure and pathogenicity prediction

Three-dimensional structure of amino acid 934 based on the published MYH7 structure (PDB code, 2FXM) viewed with the Swiss-PdbViewer 4.1 software showed that the replacement of alanine by valine at codon 934 ([Fig. 5A](#f5-mmr-20-06-5229){ref-type="fig"}) led to a change in the side chains of the amino acid but did not have a significant impact on the local intermolecular hydrogen bonds or surface charge distribution. The structural changes on the side chains may result in pathogenesis by affecting the flexibility of the MHC neck domain ([Fig. 5B](#f5-mmr-20-06-5229){ref-type="fig"}). On the other hand, the simulated structure of amino acid 1387 based on the published MYH7 structure 4XA3 showed that the replacement of the acidic glutamic acid by an alkaline lysine at codon 1387 ([Fig. 5C](#f5-mmr-20-06-5229){ref-type="fig"}) led to a significant impact on surface charge distribution, resulting in a change in the molecular surface, but had no effect on local intermolecular hydrogen bonds. This mutation might change the local structure and potential molecular interactions, contributing to pathogenesis by affecting the reactivity of the MHC rod domain ([Fig. 5D](#f5-mmr-20-06-5229){ref-type="fig"}).

For amino acid 877, the simulation based on the MYH7 structure (2FXM) showed that the replacement of methionine by isoleucine at codon 877 ([Fig. 5E](#f5-mmr-20-06-5229){ref-type="fig"}) led to a change in the side chains of the amino acid but had no significant impact on the local intermolecular hydrogen bonds or surface charge distribution. These structural changes on the side chains might result in pathogenesis by affecting the flexibility of the MHC neck domain ([Fig. 5F](#f5-mmr-20-06-5229){ref-type="fig"}).

In accordance with the variant classification criteria stated in the American College of Medical Genetics and Genomics (ACMG) guidelines ([@b17-mmr-20-06-5229]), *MYH7*-A934V is considered in line with 1 type of PM (PM2) and 3 types of PP (PP1, PP3 and PP4) variants, and was therefore identified as having uncertain significance; *MYH7*-E1387K, considered in line with 1 type of PM (PM2) and 4 types of PP (PP1, PP3, PP4 and PP5) variants, and was therefore identified as likely pathogenic. Since the 2 variants existed in the same allele, carrier status for both variants should be classified as likely pathogenic; however, sufficient evidence to support this classification is currently unavailable.

Discussion
==========

In the present study cohort, there were a total of 5 hypertrophic cardiomyopathy (HCM) probands carrying double *MYH7* mutations. Among these, *MYH7*-V934A, *MYH7*-E1387K and *MYH7*-M877I were identified as novel *MYH7* mutations causing HCM. We were unable to find these mutations in the normal control population in searches of the ESP database (<http://evs.gs.washington.edu/EVS>), the 1000 Genomes and the ExAC browser. Predictive analyses using SIFT (<http://sift.jcvi.org>), PolyPhen-2 (<http://genetics.bwh.harvard.edu/pph2>) and GERP++ (<http://mendel.stanford.edu/sidowlab/downloads/gerp/index.html>) revealed that *MYH7*-M877I, *MYH7*-E1387K and *MYH7*-M877I were all pathogenic mutations. More importantly, our findings demonstrated a rare HCM family with monoallelic double mutations in *MYH7* that has not been reported previously. Finally, statistical analysis revealed that the clinical phenotype was less severe in the carriers with monoallelic double mutations than in those with diallelic double mutations in *MYH7*.

Based on the published MYH7 structure 2FXM, the 3D structure of the amino acids 934 and 877 simulated with the Swiss-PdbViewer 4.1 showed that V934A and M877I could cause changes in the side chains of the amino acids. These changes may contribute to HCM pathogenesis by affecting the flexibility of the MHC neck domain. Similarly, based on the published MYH7 structure 4XA3, the simulated structure of the amino acid 1387 showed that E1387K could result in a significant impact on surface charge distribution, resulting in a change in the molecular surface, but would otherwise have no effect on the local intermolecular hydrogen bonds. This mutation would change the local structure and potential molecular interactions, potentially contributing to the pathogenesis by changing the reactivity of the MHC rod domain.

Molecular genetic studies have demonstrated that 40--60% of the pathogenic genes in patients with HCM are attributable to mutations in sarcomere proteins and associated proteins ([@b9-mmr-20-06-5229],[@b18-mmr-20-06-5229]). *MYH7* is the predominant pathogenic gene in HCM (30--50% of all cases). The common symptoms associated with the mutation are observed in malignant HCM phenotypes and include early onset, high penetrance, high degree of hypertrophy and high incidence of sudden death ([@b18-mmr-20-06-5229],[@b19-mmr-20-06-5229]). *MYH7* is located between 14q11 and 14q12 and contains 40 exons, among which 38 participate in encoding 1935 amino acids. It encodes β-MHC, which is the principal constituent of the thick myofilament and is composed of globular head, neck and rod domains ([@b20-mmr-20-06-5229]).

The head is the location for the adenosine triphosphatase activity locus as well as the binding sites for actin and the essential light chain. This region thus serves a vital function and mutations in this region often result in more severe clinical phenotypes than those in the rod domain ([@b21-mmr-20-06-5229]). The 2018 ACMG guidelines for the Pathogenicity Analysis of *MYH7* provide moderate pathogenic evidence for the region comprising the amino acids 181--937 ([@b22-mmr-20-06-5229]). However, these definitions are for single-gene mutation sites, and currently there are no guidelines for carriers with ≥2 *MYH7* mutations, including those with monoallelic double mutations.

The main pathogenic event in HCM cases with *MYH7* as the mutant gene is a single point mutation. No studies have reported the proportion of compound heterozygous *MYH7* mutations in HCM families. Second-generation analysis of 387 HCM families in the current study showed that the proportion of compound heterozygous *MYH7* mutations was 5.1%. Furthermore, no study in China or elsewhere has elucidated monoallelic double mutations in *MYH7*; the present study is the first to provide data on the proportion of compound heterozygous *MYH7* mutations in Chinese families with HCM, which should aid in the genetic counselling of HCM patients.

Regarding the pathogenesis associated with these mutations, it is possible that the presence of the monoallelic double mutations might be functionally compensated by the normal allele; this might explain the normal clinical presentation of some of the carriers in the present study. In probands with multiple *MYH7* gene mutations, using a familial cosegregation test to identify specific infringement alleles will have a significant impact on risk assessment and clinical intervention strategies in carriers. The pathogenicity of single-gene *MYH7* mutations can be determined using the 2018 ACMG Guidelines for the Pathogenicity Analysis of *MYH7* ([@b22-mmr-20-06-5229]). However, these guidelines do not address the potential influence of carrying multiple genes on disease severity. It is controversial whether the double mutations or compound heterozygosity in MYH7 may affect HCM severity. Viswanathan *et al* provided evidence that compound mutations may not increase the severity of the HCM phenotype compared with single mutations, but it may substantially increase the risk of developing HCM ([@b23-mmr-20-06-5229]). Wang *et al* enrolled 529 Chinese HCM patients, and found that the HCM patients with multiple rare sarcomere mutations had earlier age of onset, more severe left ventricular hypertrophy and enlarged left atrium, as well as higher risk of sudden cardiac death, as compared to those with single rare mutation ([@b11-mmr-20-06-5229]). The 2017 Guideline for Hypertrophic Cardiomyopathy in China showed that approximately 7% patients have complex mutations regardless of their genetic inheritance status ([@b10-mmr-20-06-5229]--[@b12-mmr-20-06-5229],[@b24-mmr-20-06-5229]). HCM onset in these patients is earlier than those with single-gene mutations, and the clinical manifestations are more severe. In the present study, such patients carried previously unreported monoallelic double mutations. Carriers with compound heterozygous mutations had significantly higher LVM by echocardiography and higher amplitudes in QRS, SV1 and RV5+SV1 than those with monoallelic double mutations.

Upon electrocardiography, QRS, RV5, RV5+SV1 were positively correlated with LV voltage. Furthermore, LV voltage was positively correlated with LV wall thickness, and higher LV voltages were associated with more severe LV hypertrophy. The degree of hypertrophy of the ventricular wall has been positively correlated with the risk of sudden death in patients with HCM ([@b25-mmr-20-06-5229],[@b26-mmr-20-06-5229]). Therefore, this study suggests that if patients undergoing clinical genetic analyses are detected with 2 mutations of the pathogenic gene, the proband will either carry monoallelic double mutations or compound heterozygous double mutations. The prognosis of mutation carriers among blood relatives has a certain guiding significance and should have an important impact on the clinical management of patients and those at risk. However, our study lacks clinical indicators of the prognosis to stratify the arrhythmic risks in both control and mutant groups, such as Holter and stress test. This has been realized by us, and relevant data will be collected in future studies.

Limitations to the present study must be addressed. In the present study, we found differences between the two groups of compound heterozygote mutations and monoallelic double mutations. Yet, a statistically significant impact of the mutations on clinical phenotypes in a single family with monoallelic double mutations is not representative of all patients or families carrying this type of variation. Whether our preliminary results can be amplified into the population still requires verification by large populations that will be carried out in future investigation.

In conclusion, we identified several novel *MYH7* mutations that are potentially pathogenic in HCM. Moreover, we reported the findings of a rare HCM family carrying monoallelic *MYH7* double mutations, which have not been previously reported. Our findings suggest that the clinical presentation of carriers with these monoallelic double mutations may be less severe than that of those with diallelic double mutations.
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![Schematic representation of the filtering process of targeted capture and sequencing data from 387 HCM patients. Among the 387 HCM probands included in the study, 98 were found to carry *MYH7* mutations. Among 5 probands with double *MYH7* mutations, 4 probands carried compound heterozygous mutations and 1 proband carried monoallelic double mutations. *MYH7*, β-myosin heavy chain (MHC) 7; HCM, hypertrophic cardiomyopathy.](MMR-20-06-5229-g00){#f1-mmr-20-06-5229}

![Pedigree of the family with phenotypic and genotypic information. Male and female family members are indicated by squares and circles, respectively. Solid symbols represent individuals diagnosed with hypertrophic cardiomyopathy (HCM), and unavailable individuals are represented by open symbols. In addition, the proband is marked with a black arrow. The genotype for each individual is noted below the symbol, where available. Absence of mutations is indicated by a '−' sign.](MMR-20-06-5229-g01){#f2-mmr-20-06-5229}

![(A) Pedigree of the family with phenotypic and genotypic information. Male and female family members are indicated by squares and circles, respectively. Solid symbols represent individuals diagnosed with HCM, and unavailable individuals are represented by open symbols. In addition, the proband is marked with a black arrow. The genotype for each individual is noted below the symbol, where available. Absence of mutations is indicated by a '−' sign. AV, *MYH7*-A934V; EK, *MYH7*-E1387K. (B) *MYH7*-A934V and (C) *MYH7*-E1387K mutations. Conservation of the mutated site of (D) *MYH7*-A934 and (E) E1387. Both sites are highly conserved among different species. *MYH7*, β-myosin heavy chain (MHC) 7; HCM, hypertrophic cardiomyopathy.](MMR-20-06-5229-g02){#f3-mmr-20-06-5229}

![Echocardiographic images of the left ventricle by the short-axis view and electrocardiography findings in genetically affected family members with HCM. (A, B, C and D) Echocardiography with parasternal short-axis view, (E) electrocardiography of II-7. HCM, hypertrophic cardiomyopathy.](MMR-20-06-5229-g03){#f4-mmr-20-06-5229}

![Three-dimensional structural modification of protein-bearing mutations of (A and B) *MYH7*-A934V vs. wild-type *MHY7*, (C and D) *MYH7*-E1387K vs. wild-type *MHY7*, (E and F) MYH7-E877I vs. wild-type *MHY7*. *MYH7*, β-myosin heavy chain (MHC) 7.](MMR-20-06-5229-g04){#f5-mmr-20-06-5229}

###### 

Clinical and genetic characteristics of the probands carrying compound heterozygous *MYH7* mutations in the studied HCM cohort.

                                                                                                                                        Echocardiography               
  -------- ------ ------------------------------ ------- -------- --------------------------------------------------------------------- ------------------ ---- ------ ----
  HCM275   M/59   Syncope (4)                    R694H   R1662H   Inverted T-waves, ST-segment depression                               28                 65   1.30   68
  HCM439   M/15   −                              G407C   D1450N   Inverted T-waves, ST-segment depression                               22                 64   1.21   14
  HCM516   M/23   Chest tightness, syncope (1)   M877I   R1045H   Inverted T-waves, ST-segment depression                               28                 67   0.64   44
  HCM957   M/30   Syncope (many times)           R787H   T1854M   Inverted T-waves, ST-segment depression, left anterior branch block   28                 58   1.25   7

MLVWT, maximal left ventricular wall thickness; LVEF, left ventricular ejection fraction; E/A ratio, ratio of early to late mitral inflow velocities; LVOT-PG, left ventricular outflow tract pressure gradient. *MYH7*, β-myosin heavy chain (MHC) 7; HCM, hypertrophic cardiomyopathy.

###### 

Clinical and genetic characteristics of the index family with single allele double *MYH7* mutations in the studied HCM cohort.

                                                                                                                         Echocardiography                             
  -------- ------ ------------------------------ ---- ---- ------------------------------------------------------------- ------------------ ---- -------------------- ---
  II-1     M/59   −                              \+   \+   Indicated clockwise rotation.                                 15                 60   0.40                 5
  II-3     F/57   −                              −    −    Normal                                                        10                 63   1.31                 1
  II-7     M/55   Chest tightness                \+   \+   LV fascicular block inverted T-waves, ST-segment depression   28                 56   atrial tachycardia   4
  II-9     F/46   Chest tightness, palpitation   \+   \+   T flattened and inverted, and left axis deviation (−48°).     22                 63   1.29                 4
  III-3    M/32   −                              −    −    Normal                                                        12                 52   0.69                 2
  III −5   F/31   −                              −    −    Nearly normal                                                 9                  63   1.33                 3
  III-16   F/26   −                              \+   \+   Flat T waves in leads I, aVL and V                            13                 58   1.13                 2
  III-19   F/19   −                              −    −    Normal                                                        9                  57   1.6                  3
  III-20   F/14   −                              \+   \+   Normal                                                        6                  67   1.32                 1
  IV-4     F/6    −                              −    −    Normal                                                        4                  61   1.54                 2
  IV-5     M/4    −                              −    −    Normal                                                        3                  65   2.96                 1
  IV-9     M/4    −                              −    −    Normal                                                        4                  62   1.3                  2

E/A ratio, ratio of early to late mitral inflow velocities; LVEF, left ventricular ejection fraction; MLVWT, maximal left ventricular wall thickness. LVOT-PG, left ventricular outflow tract pressure gradient *MYH7*, β-myosin heavy chain (MHC) 7; HCM, hypertrophic cardiomyopathy; M, male; F, female.

###### 

Comparisons of the echocardiographic parameters between the subgroups.

  Variables          Compound heterozygous mutations (n=4)   Monoallelic double mutations (n=5)   P-value^[a](#tfn4-mmr-20-06-5229){ref-type="table-fn"}^
  ------------------ --------------------------------------- ------------------------------------ ---------------------------------------------------------
  Age (years)        32±19                                   40±19                                0.543
  LVOT-PG (mmHg)     33±28                                   3±2                                  0.123
  MLVWT (mm)         27±3                                    17±8                                 0.068
  LA diameter (mm)   41±6                                    39±11                                0.079
  LVMI (g/m^2^)      114±24                                  86±33                                0.191
  LVM (g)            222±32                                  135±57                               0.03^[a](#tfn4-mmr-20-06-5229){ref-type="table-fn"}^
  LVEF               64±4                                    61±4                                 0.363
  E/A                1.1±0.3                                 1.0±0.4                              0.815
  E/e′               16.57±9.52                              15.28±10.72                          0.864
  HR (bpm)           69±12                                   88±21                                0.157
  QRS (msec)         111±7                                   95±8                                 0.015^[a](#tfn4-mmr-20-06-5229){ref-type="table-fn"}^
  PR (msec)          161±26                                  172±32                               0.578
  QT (msec)          415±41                                  358±46                               0.094
  QTC (msec)         440±30                                  424±29                               0.459
  RV5, mV            1.64±0.67                               1.00±0.23                            0.149
  SV1, mV            3.19±1.11                               1.11±0.38                            0.028^[a](#tfn4-mmr-20-06-5229){ref-type="table-fn"}^
  RV5+SV1, mV        4.84±1.74                               2.11±0.56                            0.047^[a](#tfn4-mmr-20-06-5229){ref-type="table-fn"}^

LVOT-PG, left ventricular outflow tract pressure gradient; MLVWT, maximal left ventricular wall thickness; LA, left atrial; LVMI, left ventricular mass index; LVM, left ventricular mass; LVEF, left ventricular ejection fraction; E/A ratio, ratio of early to late mitral inflow velocities; E/e′ ratio, ratio of early diastolic mitral inflow velocity to septal early diastolic mitral annular velocity; HR, heart rate.

P\<0.05, statistically significant result.

###### 

Genetical background of 2 novel *MYH7* mutations identified in the study.

                  Prediction   Frequency               
  --------------- ------------ ----------- --- --- --- ------
  *MYH7*-A934V    0.001 (D)    0.647 (P)   0   0   0   5.33
  *MYH7*-E1387K   0 (D)        1 (D)       0   0   0   4.83

If the SIFT-score is \<0.05 (rank score \>0.395), then the corresponding nsSNV is predicted as D (Damaging); otherwise it is predicted as T (tolerated). Polyphen2 prediction based on HumDiv: D (probably damaging), HDIV score in \[0.957, 1\]; P (possibly damaging), HDIV score in \[0.453, 0.956\] and B (benign), HDIV score in \[0, 0.452\]. GERP++ RS score: The larger the score, the more conserved the site. Scores range from −12.3 to 6.17. ESP: Frequencies in the database of European and African-American normal.

[^1]: Contributed equally
